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Abstract 

Purpose: (Project 1): Increased interest in the Radiation Oncology Physics community regarding 

sensitivity of pre-treatment IMRT/VMAT QA to delivery errors has led to the development of DVH 

based analysis for pre-treatment QA.  This paradigm shift necessitates a change in the acceptance 

criteria and action tolerance for QA.  Here we present a knowledge based technique to objectively 

compare degradations in the DVH to the range from prior clinically accepted plans after adapting 

to the new patient’s anatomy.  We apply this knowledge based method to low risk prostate 

radiotherapy.   

(Project 2): To address many of the physics challenges associated with single isocenter 

radiosurgery for multiple intracranial metastases (SIRMIT).  Because the Varian High Definition 

MLC has variable leaf width with thicker leaves located >4cm from the isocenter (0.5cm vs. 

0.25cm), this raises the question of whether the dose falloff and plan quality is inferior for targets 

located distal from the isocenter (>4cm).  We hypothesize that such an effect will be greater for 

smaller targets, and we test this hypothesis and evaluate various isocenter placement strategies 

including one that favors placement of smaller targets closer to the isocenter. 

Methods and Materials: (Project 1): DVHs for relevant organs at risk from a population 

of prior patients’ plans were adapted using a machine learning algorithm to establish the DVH 

range specific to the patient’s anatomy.  The population of prior plans consisted of 198 (for OARs) 

and 40 (for PTVs) prostate cancer patients that had previously been planned and treated using 

IMRT.   We then applied this technique to evaluate for single arc VMAT plans the clinical effect of 

six types of delivery errors: systematic offsets in a single centrally located MLC leaf; systematic 

leaf bank offsets, random normally distributed fluctuations in MLC position, systematic lag in 
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gantry angle of the MLCs behind their intended position(s), fluctuations in dose rate, and delivery 

of each VMAT arc with a constant rather than a variable dose rate. 

(Project 2): 11 SIRMIT plans with the isocenter placed at the PTV centroid were 

retrospectively analyzed to determine the relationship between relevant dosimetric indices and 

distance from the isocenter (e.g. relative tumor volume).  We investigated three isocenter 

placement strategies for four prior SIRMIT patients that had larger variations in target volume; 

these strategies include (1) centroid, (2) Eclipse’s built-in method, and (3) an “inverse center of 

mass” (ICM) method that weights the isocenter placement more heavily towards smaller lesions.  

Three VMAT SIRMIT plans were prepared with and without avoiding entrance / exit geometry 

through the eyes.  Dose was calculated within the TPS and measured on an anthropomorphic 

phantom using Optically Stimulated Luminescence (OSL) dosimeters.   

Results: (Project 1): QUANTEC suggests V75Gy dose limits of 15% for the rectum and 25% 

for the bladder, however the knowledge based constraints were more stringent: 8.48±2.65% for 

the rectum and 4.90±1.98% for the bladder.  19±10mm single leaf and 1.9±0.7mm single bank 

offsets resulted in rectum DVHs worse than 97.7% (2σ) of clinically accepted plans; all other errors 

fell within the clinically acceptable (2σ) rectum range.  PTV degradations fell outside of the 

acceptable range for 0.6±0.3mm leaf offsets, 0.11±0.06mm bank offsets, 0.6±1.3mm of random 

noise, and 1.0±0.7° of gantry-MLC lag. 

(Project 2): Values of conformity and gradient fall-off tended to be of higher quality for larger 

tumors (>1cc) close to isocenter.  Moving the isocenter towards smaller tumors (ICM isocenter 

placement) yielded increased conformity and decreased gradient indices for these metastases.  

However, we observed a greater decrease in conformity and increase in gradient indices for larger 
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lesions.  Considering arc geometry entrance and avoidance angles for the eyes reduces lens dose 

from around 0.5-2.3Gy to ≤0.1Gy for a 20Gy SIRMIT plan. 

Conclusions: (Project 1): Utilizing a group of prior treatment plans, a machine learning 

algorithm may be used to determine the distribution for each DVH that would have been achieved 

had the prior plans been prepared using the new patient anatomy, and degradations leading to 

statistical outliers may be identified.  Using a knowledge based approach to QA evaluation enables 

customized QA criteria per treatment site, institution and or physician; and can often be more 

sensitive to errors than criteria based on organ complication rates.   

(Project 2): CI and GI values were poorer for small distal targets, especially >6cm.  Large 

tumors benefited from centroid placement more than small tumors did from ICM.  It is necessary 

to consider arc geometry avoidance angles to adequately reduce lens dose.    
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1. Introduction 

 This thesis is broken down into two distinct projects.  The first project is titled, “Utilizing 

Knowledge from Prior Plans in the Evaluation of Quality Assurance,” investigates a novel dose-

volume histogram (DVH)-based method for patient specific pre-treatment quality assurance.  A 

sensitivity analysis is carried out in order to show the feasibility of this technique.   The second 

project, “Physics Considerations for Single-Isocenter Volumetric Modulated Arc Radiosurgery for 

Treatment of Multiple Intracranial Targets,” analyzes two key physics questions left unaddressed 

by previous literature.  These include the effect of isocenter placement on relevant dosimetric 

indices as well as the reduction of lens dose by setting arc angles that avoid entrance/exit dose to 

the eyes. 
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2. Knowledge Based QA 

2.1 Introduction 

Technological advances such as Intensity Modulated Radiation Therapy (IMRT) using Multi-

Leaf Collimators (MLCs) have enabled delivery of customized, complex dose distributions in 

modern radiation therapy.  The complexity and unique nature of each IMRT treatment plan has 

warranted a pre-treatment verification of the system’s ability to calculate and deliver the dose 

accurately.1 However, recent studies have indicated that many conventional methods to verify 

IMRT are relatively insensitive to clinically relevant dose discrepancies induced by delivery errors.  

For instance, Yan et al.2 found that a Gamma Index comparison with 3%/3mm criteria was unable 

to detect substantial MLC positioning errors.  Further studies have shown little correlation 

between planar verification of IMRT beam fluence using a Gamma Index metric and dosimetric 

discrepancies in the anatomical regions of interest.3,4 Poor correlation between analysis using 

Gamma Index and the patient DVH has also been observed in a number of QA systems designed 

and used to verify Volumetric Modulated Arc Therapy (VMAT) plans.5  A separate study 

demonstrated practical examples where common comparison metrics and action levels failed to 

detect systematic errors.6 

These studies underscore the need to directly map discrepancies measured during pre-

treatment QA to patient-specific Dose Volume Histograms (DVHs) in order to quantify their clinical 

impact.  Current efforts in this direction have included development of a number of algorithms to 

estimate adjusted patient dose distributions or DVHs from measurements with a QA detector 

array or 3D dosimeter.7-9 This change in paradigm from comparing dose metrics in phantom to 

comparing changes in the patient DVHs also requires a new paradigm in acceptance criteria and 

action tolerance for pre-treatment QA.  A typical acceptance criteria for pre-treatment QA has 
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traditionally consisted of a set threshold percentage of measurement points above which the 

agreement should be within reason (i.e. 95% for which Gamma Index is below 1).10 However, once 

mapped to the patient DVH, a single acceptance criteria becomes less straightforward due to the 

customized nature of the treatment plan and the need to compare multiple DVH curves 

simultaneously.  Furthermore, while pre-treatment QA has traditionally been overseen and 

reviewed by physicists, once mapped to the clinical DVH, the clinical judgment of the physician 

becomes an important factor in deciding whether degradations in the treatment plan are 

acceptable or unacceptable.  While verification of plan quality is important, having a physician 

review all pre-treatment QA may not be the most efficient allocation of time and resources. 

In this study, we propose a novel method to objectively compare degradations in the patient 

DVH to the distribution of DVHs that would have been achieved for a population of prior clinical 

plans had they been planned on the new patient’s anatomy.  This comparison is achieved by 

adapting the prior plans to the patient’s specific anatomy using a machine learning algorithm.  

Here we present the theory of knowledge based QA evaluation, and apply it to radiotherapy plans 

for low risk prostate; in this example application we evaluate the clinical effect of six types of 

delivery errors for single arc VMAT plans. 

2.2 Materials and Methods 

2.2.1. Overview 

The proposed technique to objectively quantify degradations in plan quality relative to prior 

clinical plans has two steps: (1) adapting the DVHs from prior plans to a new patient’s anatomy 

via a machine learning algorithm in order to determine the range of DVH that would have been 
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achieved had these plans been prepared on the new anatomy (illustrated in Figure 2.1) and (2) 

evaluation of the degraded DVH relative to this range. 

 

Figure 2.1 Technique to adapt DVHs from prior plans to a new patient anatomy, with example case of prostate 
radiotherapy. 

 

2.2.2 Predicted Range per DVH 

The method to predict the DVHs of Organs at Risk (OARs) for a new patient using a 

population of prior plans was developed by Zhu et al.16 and Yuan et al.17 as a planning quality 

evaluation tool for use with adaptive IMRT treatment planning.  Here we utilize this method to 

predict the range of the DVH for each OAR that would have been achieved had the prior plans 

been prepared on the new patient anatomy.  This algorithm is based on the intuitive concept that 

intensity modulated treatment plans aim for fast dose falloff outside the planning target volume 

(PTV) volume, and that such dose falloff will generally tend to correlate with the distance from 
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the surface of the PTV and beam design characteristics.  In this algorithm, support vector 

regression is used to create a model that predicts the DVH using characteristics from the patient 

anatomy.  The input data to this prediction model includes the volume of the OARs and the PTV, 

the fractions of the OARs that overlap with the PTV, the fractions of the OARs that are located 

superior or inferior to the PTV for which a coplanar beam would not pass through, and the 

Distance to Target Histogram (DTH).  The DTH is a histogram of the minimum distance of each 

point in the OAR to the surface of the PTV.  Since DTH curves consist of many data points, principal 

component analysis (PCA) is used to characterize the curves with greatly reduced dimensions.  

PCA is similarly used to reduce the dimensionality of the DVH.  In the case of prostate, PCA 

drastically reduced the dimensionality of the data, with 90% of the variance in the bladder and 

rectum histogram curves being accounted for with two principle components.16 

The model is “trained” using a population of prior, clinically accepted plans for the same 

radiotherapy treatment site.  Once trained, the model predicts the principle components of the 

DVH per OAR given a new patient anatomy.  The residual error after regression is used to predict 

the distribution of the prior clinical DVHs after accounting for anatomical differences.  Further 

information regarding the prediction of the DVH is given by Zhu et al.16  

While the DVHs of the OARs are dependent upon the patient anatomy relative to the PTV, 

we can expect the DVH of PTVs to vary little based on patient anatomy since they are the main 

planning objective; this has also been observed in prior studies.18 Because of this, a simplified 

approach can be used to calculate the distribution of DVHs for the PTV by ignoring differences in 

patient anatomy.  Hence for the PTV we simply calculate the mean and standard deviation of all 

volume points along the DVH.  Figure 2.2 shows the DVHs from 40 clinically accepted prostate 

IMRT plans from 3 physicians after normalizing the prescription dose to 76Gy.   
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Figure 2.2 Displayed are the PTV DVHs for 40 prior low risk prostate intensity modulated plans that had been 
reviewed and approved by a physician; these were used to calculate the mean and standard deviation of the 
predicted PTV DVH. 

 

2.2.3 Evaluation of the Degraded DVH 

Once the DVHs from the prior plans are adapted to the new patient’s anatomy, the next 

step is to determine whether the degraded DVH is an outlier relative to the range from the prior 

plans.  This is accomplished by comparing the change in dosimetric indices extracted from the 

DVH, labeled here as Figures of Merit (FOM).  These FOMs are dosimetric indices selected for their 

clinical relevance and are specific to the treatment site, dose fractionation, etc.  Degradations to 

a FOM are evaluated to see if they exceed a chosen threshold percentile (i.e. 95%) of clinical plans 

after adapting to the new patient anatomy.  The FOM at which the threshold percentage falls is 

calculated assuming a normal distribution and using the standard deviation (σ) of the DVH; which 

is derived from the residual error from the regression model.  In other words, degradation to the 

FOM is deemed an outlier if: 

                                        𝐹𝑂𝑀(𝐷𝑉𝐻𝑛,𝑑𝑒𝑔𝑟𝑎𝑑𝑒𝑑) >  𝐹𝑂𝑀(𝒇(𝑵, 𝑛, 𝑐))           (2.1) 
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where 𝐹𝑂𝑀(𝐷𝑉𝐻𝑛,𝑑𝑒𝑔𝑟𝑎𝑑𝑒𝑑) is the FOM from the degraded DVH for the patient of interest, n; 

and 𝒇(𝑵, 𝑛, 𝑐) is the predicted c-th percentile of the distribution of DVHs from the prior 

population N after adapting to the anatomy of patient n.  It should also be noted that Equation 

2.1 assumes that a positive change in the FOM results in a degradation; Equation 2.1 can be 

slightly modified for FOMs where a negative change or both negative and positive changes result 

in a degradation.  

2.2.4 Application 

We demonstrate the knowledge based QA evaluation technique by applying it to low risk 

prostate radiotherapy, including an analysis of clinical severity of treatment delivery errors for 

single arc low-risk prostate VMAT plans as illustrated in Figure 2.3.  Since the action tolerances for 

this study are derived for each specific patient using a population of prior plans, this analysis is 

unique in that it solves for the magnitude for error that causes a degradation to the plan that is 

greater than the variations in plan quality of the prior plans after adjusting for anatomical 

differences.  For the OARs, 198 prior prostate treatment plans were used as the population of 

prior plans against which degradations in the treatment plans were compared.  For logistical 

reasons, not all of the PTV DVHs from the treatment plans used for the OAR model were available; 

hence a separate set of 40 prior treatment plans were used for the PTVs.  Both the 198 cases for 

the OARs and the 40 cases for the PTVs were taken from a group of prior clinically approved 

treatment plans with the same characteristics.  The criteria used in planning was as follows: for 

the PTV, the prescription dose (Rx=78Gy) should cover at least 95% of the PTV volume, and the 

maximum dose (Dmax) must not exceed 107% Rx.  The dosimetric constraints were 70, 62, and 39 

Gy to < 20%, 30%, and 50% of the bladder volumes and 70, 56, and 39 Gy to 20, 30, and 50% of 

the rectum volumes.16 



8 
 

Delivery errors were simulated using six low-risk prostate 6MV single-arc VMAT plans 

created within the Varian Eclipse Treatment Planning System.  Two patients had hip replacements 

which were ignored for this study by overriding the Hounsfield Units of the prosthesis with the 

mean of the bone.  Delivery errors were introduced to the treatment plans and a population of 

degraded treatment plans established. 

 

Figure 2.3 Flowchart of evaluation of clinical severity of VMAT delivery errors.  Various magnitudes of delivery errors 
were simulated and the resultant, degraded DVHs were compared to the distribution from prior clinical plans after 
adapting to the new patient anatomy.   

We simulated six different error types using in-house Matlab code.  (1) Systematic positional 

errors of ±5, ±10, ±20, and ±30 mm were introduced to a single central leaf in each treatment 

plan, where the central leaf was defined as the centermost active leaf, rounded up.  (2) Systematic 

positional errors of 1, -1, -2, -3, -4, and -5 mm were simulated in a single MLC bank.  (3) Random, 

normally distributed offsets with standard deviations of 1, 2, and 3 mm were introduced into the 

initial position of each active MLC leaf.  (4) Gantry-MLC de-synchronizations of 1, 2, and 3 degrees 

were simulated.  In each case, the gantry was chosen to lag behind the MLC.  (5) Fluctuations in 

the dose rate were simulated so that the MU delivered for each control point varied randomly.  

Normally distributed fluctuations of 2% and 10% of the planned dose rate were simulated for each 

control point and each active leaf.  (6) We replaced the planned dose rate modulations with a 

constant dose rate.  We refer to opening/closing of the MLC as negative/positive positional errors, 
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respectively.  Positional errors that caused opposing leaves to overlap were assumed to abut.  As 

a result, a simulated 5mm single leaf positional error actually resulted in a 4.85±0.08mm offset 

for the six patients.  Table 2.1 summarizes the delivery errors introduced and the difference 

between the intended and actual magnitudes simulated.  

Table 2.1 Magnitudes of delivery errors simulated for six low-risk single-arc VMAT prostate cancer patients.  Due to 
the mechanical limitations of the MLC, the positive (inward) positional errors that we simulated varied for each 
patient.   

 

The clinical effect of the errors was evaluated using FOMs for the rectum, bladder, and PTV.  

FOMs for the PTV included Tumor Control Probability (TCP), D99% (dose that covers 99% of the 

PTV), the maximum dose (Dmax), and V100% (fraction of the volume that receives 100% of the 

prescription dose of 76Gy).  TCP is calculated for the PTV using the two-parameter 

phenomenological logit expression19 shown by equation 1.2. In this equation, Vi is the fractional 

volume that receives the dose Di.  D50 is the dose that yields a TCP of 0.50 and γ50 is the slope of 

dose response at 50% TCP.  For the prostate, Levegrün et al.20 showed that values of 70.5Gy and 

2.90 should be used for D50 and γ50 respectively. 

𝑇𝐶𝑃({𝐷𝑖, 𝑉𝑖}) = ∏ [
1

1+
𝐷50
𝐷𝑖

4𝛾50
]

𝑉𝑖

𝑁
𝑖=1                          (2.2) 

Delivery Error Magnitudes of Error 
Simulated  

Actual Errors Simulated due 
to Mechanical Limitations 
of MLC 

Single Leaf Positional Error (mm) ±5, ±10, ±20, ±30  4.85±.56, 9.11±2.04, 
16.12±5.82, 21.31±9.63  

Leaf Bank Positional Error (mm) ±1, -2, -3, -4, -5  .99±.07  
Random, Normally Distributed 
Positional Errors (mm) 

1, 2, 3  0.835±.09, 1.60±.2, 2.18±.3  

Gantry-MLC Desynchronization (°) 1,2, 3  n/a 
Random, Normally Distributed 
Dose Rate Fluctuations (%) 

2, 10  2, 10 

Constant Dose Rate n/a n/a 
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FOMs for the bladder and rectum we monitored several dose-volume indices: V65Gy, V70Gy, 

V75Gy, and V80Gy for the bladder; V55Gy, V60Gy, V65Gy, V70G, and V75Gy for the rectum.  We also calculated 

Normal Tissue Complication Probability (NTCP) for the rectum using the Lyman-Kutcher-Burman 

Model21 shown by equations 2.3, 2.4, and 2.5.  

      𝑁𝑇𝐶𝑃(𝑔𝐸𝑈𝐷) =
1

√2𝜋
∫ exp (−

𝑢2

2
)

 𝑡

−∞
𝑑𝑢               (2.3) 

                                                                    𝑡 =
𝑔𝐸𝑈𝐷−𝐷50

𝑚𝐷50
                                        (2.4) 

𝑔𝐸𝑈𝐷 = (∑ 𝑉𝑖𝐷𝑖

1
𝑛⁄

𝑖 )
𝑛

                                              (2.5) 

The generalized equivalent uniform dose (gEUD) is defined as the absorbed dose that when 

homogenously given to a tumor yields the same surviving fraction as the given heterogeneous 

irradiation defined by Di and Vi.  D50 is the dose that would cause a 50% chance of normal tissue 

complication if the entire organ was to be uniformly irradiated.  Lastly, m is the slope parameter 

and n is the volume effect parameter for the rectum.  Values of 0.13, 0.09, and 76.9 Gy were used 

for m, n, and D50 respectively.22 

While an absolute comparison between the predicted and degraded FOMs (Equation 2.1) 

shows whether the resulting DVH falls within the range of DVHs that would have been achieved 

had prior plans been planned on the new patient anatomy; for this application we are interested 

in the clinical effect of various delivery errors and hence wish to ignore differences in patient 

specific DVHs.  Because of this, we use a modification of Equation 2.1 to ignore variations between 

the original DVHs of each patient.  In this case, a degradation is deemed an outlier when:  

𝐹𝑂𝑀(𝐷𝑉𝐻𝑛,𝑑𝑒𝑔𝑟𝑎𝑑𝑒𝑑) − 𝐹𝑂𝑀(𝐷𝑉𝐻𝑛,𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙) > 𝐹𝑂𝑀(𝒇(𝑵, 𝑛, 𝑐)) − 𝐹𝑂𝑀(𝒇(𝑵, 𝑛, 50))                               (2.6) 
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where 𝐷𝑉𝐻𝑛,𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙  is the original FOM for the patient of interest, n.  For each type of delivery 

error and each of the 6 patient plans for which delivery errors were introduced, we determined 

the magnitude of error that caused the degradation in each FOM to exceed 84.1% (1 standard 

deviation) and 97.7% (2 standard deviations) of prior clinical plans (hence the threshold c = 84.1% 

and 97.7% in Equation 1.6). 

2.3 Results and Discussion 

2.3.1 Overview 

Figure 2.4 shows an example of the resulting DVHs used to quantify degradations in plan 

quality relative to prior clinical plans.  Illustrated in the figure is the DVH of the rectum for the 

original plan for a patient of interest, along with the mean DVH and 97.7th percentile (2σ) of the 

prior plans after adapting for patient anatomy.  For comparison, the degraded rectum DVH due 

to a -10mm systematic single leaf offset is plotted for the patient of interest.  By mapping the 

prior plans to the current patient anatomy, areas of the degraded DVH that fall outside the range 

from prior plans are clearly visible and can be easily identified. 
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Figure 2.4 Displayed are the zoomed-in rectum DVHs for patient 3. The dotted curve is the original DVH; the dashed 
curve is the DVH given a systematic outward shift of a single central leaf by 10mm; the solid, double, and triple  curves 
are the predicted DVH (mean), mean DVH plus 1σ, and maximum acceptable DVH (mean+2σ) predicted from prior 
clinically accepted plans and adapted to the patient’s specific anatomy. 

Figure 2.5 demonstrates the unique nature of utilizing a range from prior plans adapted to 

the current patient anatomy for evaluating QA.  While one technique to evaluate DVHs is to use 

metrics derived from observation of complications in biological systems (such as QUANTEC), it is 

clear from Figure 2.5 that a distribution from prior clinically accepted treatment plans may often 

be much more conservative than limits derived from complication rates. 
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Figure 2.5  97.7th percentile curves for each of the six patients (color coded per patient) studied are compared to 
QUANTEC’s dose volume constraints.22 

Figure 2.6 shows an example where  the degraded DVHs for the Rectum and Bladder fall 

well within the limits suggested by QUANTEC, but are statistical outliers when compared to the 

distribution of prior plans after adapting to the current patient anatomy [e.g. for rectum V75Gy: 0% 

(optimization) < 3.24% (original) < 5.04% (“97.7th percentile”) < 9.08% (Degraded) < 15% 

(QUANTEC)22].  Also shown in this figure are the optimization constraints.  While another 

possibility for evaluating DVH QA would be to consider violations of the optimization constraints, 

this can be problematic when these are not “hard constraints” and are not met even by the 

original plan.   

 



14 
 

 

Figure 2.6 For patient 2: plots of original DVH, DVH with a systematic 5mm MLC bank error, 97.7th percentile from 
prior plans, physician specified constraints for optimization, and dose-volume constraints from QUANTEC22-23 are 
compared.   

 

2.3.2 Application to Pretreatment QA 

Figure 2.7 and Table 2.2 show an example of this method applied to DVH based analysis of IMRT 

QA.  This example consists of a low risk Prostate IMRT case for which a pre-treatment QA was 

carried out using the ArcCheck QA device (Sun Nuclear, Melbourne FL) and analysis to reconstruct 

the DVH was performed using the commercial 3DVH software (Sun Nuclear, Melborne FL).24 The 

QA procedure was carried out for both the original treatment plan, along with the same treatment 

plan with an intentionally introduced outward leaf bank error of 2mm (1mm per bank).   



15 
 

 

Figure 2.7 Displayed are various DVHs for patient 1.  The double lines represent the predicted DVH range (±2σ); the 
dotted and dashed lines from left to right represent the 3DVH with no error, Eclipse with no error, 3DVH with error, 
and Eclipse with error curves. 

Table 2.2 shows the values of each FOM as calculated in Eclipse and measured using the 

ArcCheck QA device and 3DVH software.  The measured DVHs were found to be in good 

agreement with those calculated in the TPS.  For the PTV, the degraded DVH as measured using 

the 3DVH software fell within the predicted PTV range for all but the highest dose level.  While 

the TCP of the PTV fell outside the 2σ range when the error was introduced, it was manifest as an 

improvement in TCP because the PTV dose increased rather than decreased; however the PTV 

Dmax did increase beyond the 2σ range.  The rectum and bladder DVHs for the original plan were 

centrally located in the predicted DVH range, and the 2mm bank offset was not sufficient to push 

the degraded DVHs or FOMs outside of the predicted range.   
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Table 2.2 Displayed are FOM for patient 1 (worst geometry) as calculated in Eclipse and measured using the 
ArcCheck QA device and 3DVH software. 

 ±2σ TPS 3DVH orig 3DVH error 

Rectum NTCP 0.01-0.12 0.084 0.069 0.094 
Rectum V75Gy (%) 0.42-10.89 5.88 3.59 6.97 

Bladder V75Gy (%) 0.00-3.36 1.47 1.38 1.93 

PTV TCP 0.718-0.798 0.775 0.756 0.789 
PTV V100% (%) 93.5-98.4 96.1 90.6 99.3 
PTV Dmax (Gy) 77.9-82.7 81.1 81.1 83.0 
PTV D99 (Gy) 72.2-77.2 75.1 74.2 76.2 

 

2.3.3 Sensitivity Analysis 

Table 2.3 shows the magnitude of each error that resulted in a degradation that exceeded 

84.1% (1σ) and 97.7% (2σ) of prior clinical plans.  The magnitudes in Table 2.3 were derived by 

linearly interpolating between the results achieved at set error magnitudes.  It can be seen from 

these results that the PTV was most sensitive to delivery errors, followed by the rectum.  The 

bladder was least sensitive to delivery errors in almost all cases.  The required tolerance for the 

various errors is considerably smaller for the PTV as compared to the OARs. For instance, the 2σ 

threshold was reached for the OARs with a systematic single leaf and leaf bank offset of -

19±10mm and -1.9±0.7mm, while all other delivery errors never caused a dose degradation to the 

OARs at this threshold level.  In contrast, the dose indices pertaining to the PTV reached the 2σ 

threshold for a single leaf and leaf bank offset of just 0.63±0.27mm and 0.11±0.06mm, 

respectively.  Additionally, the degradation to the PTV indices reached the 2σ threshold from 

random, normally distributed noise with a standard deviation of 0.57±1.29mm and from a lag 

between the gantry and MLC of 1.0±1.7°.  These small PTV acceptance windows result from the 

minimal variability in PTV DVHs.  Following, we describe the results for each type of error in more 

detail. 
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Table 2.3 Magnitudes of error beyond which the degradation to the clinical DVH was greater than 84.1% (1σ) and 
97.7% (2σ) of prior clinical plans. 

OAR FOM Single Leaf 
Offset(mm) 

Leaf Bank 
Offset(mm) 

Random 
Noise (mm) 

Gantry-
MLC Lag(°) 

Dose Rate 
Fluct. (%) 

Constant 
Dose Rate 

Rectum NTCP (1σ) -11.0±4.6 -1.08±0.33 - - - - 

Rectum NTCP (2σ) -19.1±10.1 -1.91±0.68 - - - - 

Rectum V75Gy (1σ) - -1.56±0.47 - - - - 
Rectum V75Gy (2σ) - -3.48±0.95 - - - - 

Bladder V75Gy (1σ) - -2.31±0.92 - - - - 

Bladder V75Gy (2σ) - -4.71±1.50 - - - - 

PTV TCP (2σ) 2.64±0.90 0.59±0.19 3.19±1.26 4.0±1.3 - - 

PTV V100% (2σ) 0.63±0.27 0.11±0.06 0.57±1.29 1.0±1.7 - - 
PTV Dmax (2σ) -1.70±1.77 -0.93±0.28 1.64±1.58 10.5±1.4 - - 

PTV D99% (2σ) 3.62±1.09 0.83±.020 1.76±.90 1.7±1.0 - - 

 

Table 2.4 shows the raw values of each FOM after adapting to the population of prior plans.  

The values displayed have been averaged over the six patients studied.  The predicted values, 1σ, 

and 2σ values correspond to the 50, 84.1, and 97.7 percentiles respectively.  Δσ is the change in 

each FOM that results in a degradation of one standard deviation in the context of the prior plans.  

It is interesting to note that although there is considerable variability in the predicted FOM for 

each anatomy, the values associated with a one sigma change in FOM are relatively constant [e.g. 

predicted NTCP=0.041±0.025 but Δσ=0.022±0.003]; in other words, the distribution about the 

mean from prior plans remains relatively constant when adapted to varying patient anatomies.  

No standard deviation is seen in the cases of the PTV FOM because these FOM do not change with 

patient. 

Table 2.4 Raw values of each OAR FOM as adapted to each patient anatomy then average over the six patients 
studied.  The PTV FOM are derived from 40 clinically accepted prostate IMRT plans normalized to 76Gy and thus 
are not patient specific. 

 Rectum Bladder PTV 
 NTCP V75Gy (%) V75Gy (%) TCP V100% (%) Dmax (Gy) D99 (Gy) 

Predicted .041±.025 3.27±2.61 1.72±1.85 .751 95.98 79.76 74.5 

+1σ .067±.028 5.88±2.63 3.31±1.92 .741 94.75 80.23 73.5 

+2σ .093±.030 8.48±2.65 4.90±1.98 .731 93.53 80.70 72.5 

Δσ .022±.003 2.23±.03 1.36±.13 -.01 -1.23 0.57 -1.0 
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2.3.3.1 Systematic Leaf Bank Positional Error 

Figures 2.8-2.10 illustrate the raw changes in several FOM for various magnitudes of 

systematic leaf bank positional offset (e.g. a fractional change of 2.0 corresponds to a 200% 

increase in the figure of merit).  Figure 2.11 then goes on to present these degradations in terms 

of the number of standard deviations the degraded FOM is away from the original FOM; a value 

of 1 indicates a degradation that exceeded 84.1% (1σ) and a value of 2 indicates a degradation 

that exceeded 97.7% (2σ) of prior clinical plans.  It should be noted that due to differences in scale 

the OARs and PTVs use separate y-axes in Figure 2.11.  This difference in scale occurs due to the 

compact nature of PTV DVHs and thus very small tolerance for degradation.  One point of interest 

in Figure 2.11 is the unique effects of an outward (negative) vs. an inward (positive) offset.  While 

an outward offset had a detrimental effect on the OAR dose indices and the PTV Dmax, an inward 

offset had a detrimental effect on the PTV V100%, TCP, and D99%.  The PTV dose indices were the 

most sensitive indices for both outward and inward offsets, with the most sensitive index for an 

outward shift being PTV Dmax and for an inward shift being PTV V100%.  V75Gy of rectum and bladder, 

as well as rectum NTCP reached the 2σ threshold for leaf bank offsets of 3.5±1.0, 4.7±1.5, and 

1.9±0.7mm respectively.  For the PTV, even a minimal leaf bank offset of 1mm inward resulted in 

degradations well beyond the 2σ threshold; with errors at 1mm reaching 2.4±0.6, 3.4±1.1, and 

17.5±10.0σ, for D99%, TCP, and V100%, respectively.  Similarly, a 1mm outward shift of the leaf bank 

resulted in a degradation of Dmax by 2.2±0.7σ. 
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Figure 2.8 Displayed are fractional changes for several rectum dose indices given a negative (outward) shift in a single 
MLC leaf bank. 

 

Figure 2.9 Displayed are fractional changes in several bladder dose indices given various negative (outward) shifts of 
a single MLC leaf bank. 
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Figure 2.10 Displayed are fractional changes in several PTV dose indices given various positive (inward) and negative 
(outward) shifts of a single MLC leaf bank. 

 

Figure 2.11 Degradation in FOM due to systematic leaf bank errors in terms of number of standard deviations the 
degraded FOM falls away from the original FOM.  A value of 1 indicates a degradation that exceeded 84.1% (1σ) and 
a value of 2 indicates a degradation that exceeded 97.7% (2σ) of prior clinical plans. FOM for the OARs are marked 
with squares and utilize the primary y-axis.  FOM for the PTV are marked with circles and utilize the secondary y-axis.       
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2.3.3.2. Systematic Single Leaf Positional Error 

Figures 2.12-2.14 illustrate the raw changes in several FOM for various magnitudes of 

systematic single leaf positional offset.  Similar to Figure 2.11, Figures 2.15 and 2.16 illustrate 

these degradations in terms of the number of standard deviations the degraded FOM is away 

from the original FOM.  Degradations to FOM as a result of single leaf offsets exhibited a similar 

shape as the leaf bank offsets in Figure 2.11, but with much smaller magnitudes, as single leaf 

errors invoked a smaller dosimetric effect than leaf bank errors.  Rectum NTCP reached the 2σ 

threshold for a single leaf offset of -19.1±10.1mm, however bladder V75Gy and rectum V75Gy were 

not significantly affected.  For the PTV, a 5mm inward leaf offset resulted in degradations of 

3.8±1.3σ, 16.0±6.9σ, and 2.8±0.8σ for TCP, V100%, and D99 respectively.  A 5 mm outward leaf offset 

resulted in a degradation of 5.9±6.1σ to Dmax. 

 

Figure 2.12 Displayed are fractional changes in several rectum dose indices given various positive (inward) and 
negative (outward) shifts in a single central MLC leaf. 
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Figure 2.13 Displayed are fractional changes in several bladder dose indices given various positive (inward) and 
negative (outward) shifts in a single central MLC leaf. 

 

 

Figure 2.14 Displayed are fractional changes in several PTV dose indices given various positive (inward) and 
negative (outward) shifts in a single central MLC leaf 
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Figure 2.15 Degradation in PTV FOM due to systematic single leaf errors in terms of number of standard deviations 
the degraded FOM falls away from the original FOM.  A value of 1 indicates a degradation that exceeded 84.1% (1σ) 
and a value of 2 indicates a degradation that exceeded 97.7% (2σ) of prior clinical plans. 

 

Figure 2.16 Degradation in rectum and bladder FOM due to systematic single leaf errors in terms of number of 
standard deviations the degraded FOM falls away from the original FOM.  A value of 1 indicates a degradation that 
exceeded 84.1% (1σ) and a value of 2 indicates a degradation that exceeded 97.7% (2σ) of prior clinical plans. 
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2.3.3.3. Random Normally Distributed Discrepancies in Leaf Position 

Figures 2.17 and 2.18 illustrate the raw changes in several FOM for various magnitudes of 

random, normally distributed nose in each active MLC leaf.  Figure 2.19 then displays these 

degradations in terms of the number of standard deviations the degraded FOM is away from the 

original FOM.  This type of discrepancy in the plan tended to have a more muted dosimetric effect, 

which may be attributed to the mean change in position over all MLC leaves remaining near zero.  

Dose indices were generally degraded as the magnitude of simulated noise increased, with a few 

exceptions.  The random MLC noise had little effect on organs at risk, and the degradation never 

reached the 2σ threshold for all magnitudes of error simulated.  In contrast, the random noise did 

affect the PTV, with errors reaching the 2σ threshold for random errors with standard deviations 

ranging from 0.57-3.19mm.  Changes in dose distribution due to random noise are typically 

expected to cancel out, however for PTV Dmax, D99, and V100% we do not believe this to be the case.  

This is because these FOM are point measurements near the upper limit of the PTV DVH.  Thus, 

degradations from random noise that “smooth” the PTV dose distribution will almost always 

result in degraded values of PTV Dmax, D99, and V100%. 
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Figure 2.17 Displayed are fractional changes in several OAR dose indices given various amounts of random, normally 
distributed nose in each active MLC leaf. 

 

Figure 2.18 Displayed are fractional changes in several PTV dose indices given various amounts of random, normally 
distributed noise in each active MLC leaf. 
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Figure 2.19 Degradation in FOM due to random, normally distributed MLC errors in terms of number of standard 
deviations the degraded FOM falls away from the original FOM.  A value of 1 indicates a degradation that exceeded 
84.1% (1σ) and a value of 2 indicates a degradation that exceeded 97.7% (2σ) of prior clinical plans.  FOM for the 
OARs are marked with squares and utilize the left-most y-axis.  FOM for the PTV are marked with circles and utilize 
the right-most y-axis.     
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                  𝛥𝑀𝑈 = ∑ (
[

𝐹𝑆𝑖+1+𝐹𝑆𝑖
2

]
𝑑𝑒𝑔𝑟𝑎𝑑𝑒𝑑

[
𝐹𝑆𝑖+1+𝐹𝑆𝑖

2
]

𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙

− 1)𝐶𝑃−1
𝑖=1 ∗ 𝑀𝑈𝑖,𝑖+1           (2.7) 

where FSi is the i-th MLC field size, CP is the total number of control points, and MUi,i+1 is the 

number of monitor units delivered between the i-th and i-th plus one control points.  For each of 

the six patients, the change in this value of ΔMU, scaled linearly with the magnitude of simulated 

MLC lag (R2=0.995).  

Evaluating the change in dosimetric indices against change in ΔMU due to lag resulted in a 

few distinct trends.  Positive and negative changes in the effective MLC field size caused the 

rectum NTCP, V75Gy, V70Gy, V65Gy, and TCP to strictly increase and decrease, respectively.  Similarly, 

the PTV V100% and D99 strictly decreased with decreasing ΔMU.  The bladder V75Gy and PTV Dmax did 

not exhibit any strict trends, but generally speaking bladder V75Gy decreased and PTV Dmax 

increased independent of ΔMU. Although these trends gave some insight into which treatment 

plans will degrade which FOM, the severity of degradation due to lag varied widely between 

treatment plans. For the three patients for which the effective field size of the MLCs increased 

with increasing lag, the relevant dosimetric indices that were affected included those for the 

rectum, bladder, and PTV Dmax. Of these, only PTV Dmax was affected sufficiently to cause a 

discrepancy at or above the 2σ threshold for a lag ≤10˚; with this threshold being reached from a 

lag of 6.51˚ for patient 1.  For the three patients for which the effective field size of the MLCs 

decreased with increasing lag, the relevant dosimetric indices that were affected included the PTV 

TCP, D99, and V100%.  The lag required to reach the 2σ threshold is displayed in Table 2.4. 
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Table 2.5  Displayed are the magnitudes of lag between gantry & MLC to cause the degradation to exceed 97.7% (2σ) 
of prior clinical plans for each of the three patients with decreasing effective MLC field size with increasing lag.     

Patient # TCP V100% D99% 

2 4.82˚ 0.83˚ 5.51˚ 
4 2.35˚ 0.67˚ 2.99˚ 
5 9.32˚ 4.5˚ 7.62˚ 

 

None of the figures of merit increased/decreased strictly according to ΔMU or degree of 

modulation which we defined to be the standard deviation of the dose rate divided by the mean 

dose rate.  Additionally, ΔMU seemed to be independent of modulation, although the most 

heavily modulated plan (#4) also had the highest change in ΔMU.  This plan was most severely 

degraded by gantry-MLC lag for six of the seven figures of merit.  The plan with the second highest 

change in ΔMU (#2) had the second highest degradations for four of the seven figures of merit.  

This makes us conclude that magnitude of degradation is roughly independent of ΔMU and 

modulation for small values, but is more strongly affected by larger changes in ΔMU.     

2.3.3.5. Random Noise in Dose Rate 

By introducing random, normally distributed noise into the dose rate, the total amount of 

radiation absorbed by the PTV and OARs is altered.  However neither the PTV nor OARs are 

significantly affected by random noise, as random increases and decreases in dose rate largely 

cancelled each other out.  For both a 2% and 10% random fluctuation the change in all relevant 

dosimetric indices were negligible when compared to the distribution from prior clinical plans. 

2.3.3.6. Constant MU Delivery Rate 

Altering the VMAT arc so that it had a constant dose rate over all control points had little 

effect on the treatment plans.  In no cases did any of the degradation in the dosimetric indices 

exceed the 2σ threshold, and in only one case did the degradation exceed a 1σ threshold.  This 
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was the plan which had the greatest increase in cumulative delivered dose; and in this case the 

1σ threshold was exceeded for only a single dosimetric index, PTV Dmax.  While our single arc VMAT 

plans had little fluctuation in MU delivered between control points, it should be noted that often 

this fluctuation can be much more prominent, especially for multiple arc VMAT, hence this effect 

may likely be non-negligible for other treatment plan arrangements. 

2.3.4. Discussion 

We have presented and applied a method for evaluating DVH based QA using the 

distribution of DVHs from prior treatment plans, adapted to the new patient anatomy.  In essence, 

this method allows us to determine whether degradations in a given set of dose indices are 

statistical outliers relative to the range of dose indices that would have been achieved for a group 

of prior clinical plans had they been planned on the new patient’s anatomy.  Since this method 

utilizes prior plans that have been reviewed and approved by a physician when evaluating 

whether degradations in the patient DVH merit an intervention, it inherently accounts for some 

level of the physician’s preference when evaluating and accepting the amount of variation in plan 

quality due to factors such as the treatment planning system, optimization algorithm, technique 

and experience of the planning dosimetrist.  It should be noted that the fact that the dose indices 

fall within the distribution derived from prior plans does not necessarily mean that this is 

“clinically acceptable” because it does not account for patient specific factors, for instance in the 

case of re-treatment, co-morbidities, etc.  However knowledge of whether a degraded dose index 

falls within the predicted distribution from prior plans provides valuable information about the 

severity of the degradation.  For instance, while patient specific factors should always be taken 

into consideration, a degradation to the dose index that falls well outside the distribution 



30 
 

predicted from properly selected prior treatment plans should undoubtedly merit further 

investigation.  

The knowledge based learning algorithm is now becoming widely available and may be 

applied on an institutional level.16-17  While in this paper we have applied this method specifically 

for prostate, the machine learning algorithm has been developed for head and neck radiotherapy 

as well.17  One benefit of knowledge based QA evaluation is that it can be applied to diverse clinical 

settings and separate models could be prepared based on different sets of prior treatment plans 

to distinguish between physicians, institutions, etc.  In this manner, it moves beyond a “one size 

fits all” approach for action criteria and instead enables customized action criteria for each specific 

situation.  In light of this, care should be taken in the choice of the prior treatment plans as a poor 

selection of prior plans can result in an improper predicted range for a dose index.  

An alternative method for evaluating DVH based QA is clinically relevant metrics derived 

from observation of complications in biological systems (such as QUANTEC).18,22-23  By no means 

are we advocating that such metrics be ignored in favor of a knowledge based approach, 

especially in the case that these limits are violated.  However as in the example in Figure 6, often 

the knowledge based approach is more sensitive to degradations because limits to OARs based 

on clinical practice are commonly more conservative than limits based on complication rates from 

biological systems due to the fact that many physicians prefer to have a safe distance between 

the planned OAR dose and the dose at which a complication occurs.  The downside of this 

increased sensitivity is the possibility of increased false positives, where a degradation falls 

outside the predicted range but is still deemed acceptable by the clinical team.  Thus degradations 

that are outliers relative to the range from prior plans using the knowledge based method should 

merit further investigation rather than be considered outright unacceptable. 
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We used the original treatment plans for our group of prior plans.  In the case of pre-

treatment QA, another option would be to use a group of DVHs from prior pre-treatment QA.  

This would allow for a comparison of current verification results with the verification results from 

prior treatment plans, and has the advantage of including degradations in the prior treatment 

plans from the noise and physical limitations of the verification measurement and dose 

reconstruction.  We chose for our group of prior treatment plans to use the original treatment 

plans rather than measured DVHs because: (1) this allows us to isolate the effect of the various 

discrepancies introduced into the plan from limitations in the measurement device & dose 

reconstruction technique, and (2) dose indices in the original treatment plans better represent 

the values that have been reviewed and approved.  In the case of using our technique with pre-

treatment verification, comparing dosimetric indices derived from verification measurements to 

the range for each index derived from a group of prior treatment plans is a conservative 

comparison since the dose from the prior treatment plans are not subject to the limitations of the 

measurement device.  

In our analysis of single arc prostate VMAT plans, the PTV was much more sensitive to 

delivery errors than the rectum or bladder.  The high sensitivity of the PTV relative to the OARs is 

due to each of the prior PTV DVHs being very similar, thus resulting in a tightly grouped 

distribution.  This indicates this set of physicians’ priority of PTV coverage over OAR sparing, 

resulting in little variation in the DVH across PTVs.  Such little variation in PTV DVHs resulted in 

even a small change in the PTV distribution falling outside of the range of the prior plans.  The 

rectum was slightly more sensitive to delivery errors than the bladder. This may likely be due to 

the more stringent objective requirements for the rectum, as well as the fact that the rectum is 

typically closer in proximity to the PTV and thus requires a steeper dose gradient than the bladder.   
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Table 2.5 summarizes for various potential delivery errors the limits of detectability from 

the literature2,14,25-28 as well as the error magnitudes from this study.  Comparing the values of 

clinically relevant error to the limits of detectability, we conclude that conventional methods of 

pre-treatment QA are insufficient to detect clinically relevant PTV degradations for each of the 

errors in Table 2.5.  On the other hand, current QA metrics are capable of detecting clinically 

relevant OAR degradations. 

Table 2.6 Displayed are clinically relevant errors from literature, magnitudes of error that cause the degradation to 
exceed 97.7% (2σ) of prior clinical plans, and limits of detectability for each of the simulated errors shown. 2,14,25-28 

 Clinically Relevant 
Errors–Literature  

Degradations Worse 
than 97.7% of Plans  

Limits of Detectability 
from Literature  

Single Leaf Offset 0.3mm 14 0.63±0.27mm 2mm 2 

Single Bank 
Offset 

 0.11±0.06mm Inwards 
0.93±0.28mm Outwards 

0.25-0.5mm Inwards 
0.5-1.0mm Outwards 
25 

Random Noise  >2mm 2 0.57±1.29mm ~2mm 26 
Gantry-MLC Lag >5° 28 1.0±1.7° 3° 27 

  

 2.4 Conclusion 

We have presented a knowledge based method for evaluating DVH based QA and applied it 

to low risk Prostate radiotherapy.  Utilizing a group of prior treatment plans, a machine learning 

algorithm may be used to determine the distribution for each DVH that would have been achieved 

had the prior plans been prepared using the test patient anatomy, and degradations leading to 

statistical outliers may be identified.  Using a knowledge based approach to QA evaluation enables 

customized QA criteria per treatment site, institution and or physician; and can often be more 

sensitive to errors than criteria based on organ complication rates.  Degradation to single arc 

VMAT plans for low-risk prostate cancer patients were worse than 97.7% of prior clinical plans for 

single leaf and leaf bank offsets of 0.63±0.27 and 0.11±0.06mm, for random, normally distributed 

noise in MLC positions with a standard deviation of 0.60±1.3mm, and for a 1.0±1.7° 
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desynchronization of the planned gantry and MLC positions.  In all cases the PTV was much more 

sensitive to the delivery errors than either the bladder or rectum.  
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3. Physics Considerations for Single Isocenter VMAT of Multiple Intracranial Targets 

3.1 Introduction 

Radiosurgery is a well-established treatment option for intracranial metastases29.  

Radiosurgery using a linear accelerator platform was initially introduced using a frame based 

immobilization system and cones to collimate the treatment beam30.  High Definition Multi-Leaf 

Collimators (HDMLC) were soon thereafter implemented for beam collimation31,32.  Finally, 

frameless immobilization systems and image guidance have been incorporated into radiosurgery 

practice with comparable clinical outcomes to frame based techniques33. 

Historically, for linear accelerator based radiosurgery each intracranial target has been 

treated individually with the isocenter placed at the center of each target; however a recent 

concept that has been implemented is single isocenter radiosurgery for multiple intracranial 

targets (SIRMIT).  A summary of published literature34-38 on SIRMIT is given in Table 3.1.  These 

studies provide a thorough description of the treatment planning techniques and demonstrate 

the feasibility of obtaining radiosurgery plan quality similar to that achievable by traditional 

radiosurgery techniques35,36,38.  However, many of the challenging physics aspects inherent in 

SIRMIT have not been addressed in the literature. 

For example, one unaddressed physics challenge of SIRMIT has to do with the MLC leaves.  

Most SIRMIT techniques in Table 3.1 utilize the Varian High Definition MLC (HD-MLC), for which 

the inner leaves located within ±4cm of the isocenter have a 0.25cm width, while the outer leaves 

are 0.5cm wide.  Many studies have investigated the effect of MLC size on radiosurgery plan 

quality39-45; as would be expected, these consistently show improved dosimetry with thinner 

leaves and a greater benefit for smaller lesions.  Intuitively, this should also apply to SIRMIT, 
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however it remains to be seen whether this is indeed the case.  In one reported SIRMIT technique 

(Audet et al.), the single isocenter approach was limited to cases where the distance from the 

isocenter to any target was under 4cm to avoid using the wider (0.5cm) leaves37. 

Table 3.1 Displayed are various studies that have investigated the effect of MLC size on radiosurgery plan quality 
along with several key characteristics of each study. 

publication Nath et al. 2010 
Clark et al. 2010 & 

2012 
Audet et al. 2011 

Hardcastle et al. 
2012 

treatment 
technique 

IMRT VMAT VMAT VMAT 

isocenter 
placement 

central relative to 
each lesion 

geometric center 
of combined PTV 

not specified 
geometric center 
of combined PTV 

GTV to PTV 
expansion 

1mm no expansion not specified not specified 

MLC 0.5mm leaf width 

Varian HDMLC 
(central ±4cm: 
2.5mm width, 

5mm otherwise) 

Varian HDMLC 
(central ±4cm: 
2.5mm width, 

5mm otherwise) 

Varian HDMLC 
(central ±4cm: 
2.5mm width, 

5mm otherwise) 

immobilization 

frameless 
(thermoplastic 
mask with bite 

block) 

frameless 
(thermoplastic 

mask) 
frameless not provided 

imaging orthogonal kV 
orthogonal kV + kV 

CBCT 
orthogonal kV not provided 

 

Assuming that the quality of the dose distribution is dependent on MLC leaf width; this has 

implications on isocenter placement.  The SIRMIT techniques in Table 3.1 utilize an isocenter 

placement strategy for which larger lesions are more heavily weighted, hence smaller lesions 

being more likely to be placed in areas where they are being treated by the larger leaves.  However 

the relatively small size of these lesions relative to the leaf width suggests that it may be more 

important that smaller rather than larger targets be within 4cm of the isocenter.  In this study, we 

test the hypothesis that the targets located distant from the isocenter (>4cm) have poorer plan 

quality as measured using relevant dosimetric indicators.  We also investigate an alternative 

isocenter placement strategy designed to address this issue, where targets are weighted by the 

inverse of their volume. 
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Finally, we have developed a VMAT SIRMIT protocol here at our institution which is in many 

regards similar to the one given by Clark et al.35,36  One chief difference of our technique is that 

the choice of VMAT arcs is such that they avoid entrance and exit through the eyes in order to 

minimize dose to the lenses.  It remains to be shown how much benefit this provides for lens dose, 

and whether it may cause any degradations in other plan metrics.  In this study we investigate 

differences in lens dose along with other plan metrics between these two VMAT techniques. 

3.2 Materials and Methods 

3.2.1 Overview 

This study has two components: (1) determining whether targets located distant from the 

isocenter (>4cm) have poorer plan quality as measured using relevant dosimetric indicators due 

to larger leaves and if this is improved using an alternative isocenter placement strategy and (2) 

determining differences in lens dose when the SIRMIT technique does and does not include arcs 

passing through the eyes. 

For all SIRMIT cases we utilized a VMAT treatment planning technique similar to that 

described by Clark et al.36  We utilized the ARIA External Beam Planning System (Varian).  From a 

sample of 11 plans, we utilize 3-5 (median 4) arcs to treat 2-7 (median 3) targets.  The arc 

geometry (couch angle, gantry rotation and collimator angle) were chosen to minimize overlap of 

targets along each MLCs path.  The choice of non-coplanar arcs also generally avoided entrance 

and exit through the eyes to minimize dose to the lenses.   
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3.2.2. Isocenter Placement and Effect of MLC Size 

We retrospectively analyzed eleven SIRMIT plans to determine the relationship between 

several relevant dosimetric measures, distance from the isocenter, and size of the target volume.  

Our analysis included a total of 37 targets (ranging from 2-7 per plan).  Relevant dosimetric 

measures included those that have been described and utilized previously for radiosurgery35,37,38; 

these include conformity index (CI), gradient index (GI), heterogeneity index (HI), and mean dose 

to normal brain tissue.  Here we define CI, GI, and HI as: 

 CI = 
𝑇𝑉𝑃𝑉

2

𝑃𝑉∙𝑇𝑉
                                                                    (3.1) 

 GI = 
𝑃𝑉50%

𝑇𝑉
                                                                   (3.2) 

 HI = 
𝐷𝑚𝑎𝑥

𝑇𝑥
                                                                     (3.3) 

where TV is the target volume, PV is the volume that receives at or above the prescription dose, 

Tx, and PV50% is the volume that receives greater than 0.5Tx.  A conformity index of 1.0 indicates 

perfect PTV coverage, whereas any miss-coverage (additional or lacking) results in a CI value less 

than 1.0.  Smaller gradient indices indicate a faster dose fall off. 

In addition to this retrospective analysis, we investigated alternative isocenter placement 

strategies.  We identified four prior SIRMIT plans for which there was a large variation in target 

volume.  Each of these plans included three lesions and were treated using four arcs.  These cases 

were re-planned using various isocenter placement strategies other than the original strategy 

(center of mass of all PTVs).  The first alternative isocenter placement strategy we tested was an 

“inverse center of mass” (ICM) strategy, where each target is weighted by the inverse of its 

volume.  This strategy was modified when necessary so that all targets fell within the treatable 
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area of the MLCs.  In addition, the ARIA External Beam Planning System has an isocenter 

placement tool for VMAT that optimized the isocenter and jaw size simultaneously in an iterative 

process.  We also evaluated using this tool for SIRMIT isocenter placement. 

3.2.3. Lens Sparing Using Arc Geometry Avoidance Angles 

We investigated the effect on lens dose by avoiding entrance and exit arc geometry through 

the eyes for VMAT SIRMIT.  VMAT SIRMIT plans were prepared for three patients using the 

technique described above, and then re-planned using the arc geometry described by Clark et 

al.36  Dose to the lenses was calculated within the treatment planning system.  In addition for each 

treatment plan technique, the calculated lens dose was verified using dose measurements on an 

anthropomorphic phantom using Optically Stimulated Luminescence (OSL) dosimeters.   

3.3 Results and Discussion 

3.3.1. Isocenter Placement and Effect of MLC Size 

Figure 3.1 displays how CI and GI vary with tumor size and distance from isocenter for 11 

patients and 37 lesions.  In accordance with our theory, there is a trend of small targets (<1cc) 

having poorer CI and GI with increasing distance from the isocenter.  Comparatively, large tumor 

CI and GI values were higher quality and appeared to deteriorate at a lesser rate with respect to 

distance from isocenter.  Similar to Clarke et al.35 we see that larger tumors tend to have higher 

CI values than smaller tumors for multi-arc single-isocenter plans.  Additionally, we observe better 

GI values for larger tumors.  This is expected as a large tumor close to isocenter should have a 

higher degree of conformity and a faster dose fall-off.     
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Figure 3.1 displays how CI and GI vary with tumor size and distance from isocenter for 11 patients and 37 lesions.   

 

Table 3.2 displays CI and GI values for each plan and each isocenter placement.  Because 

isocenter placement depends on relative tumor size, we classified targets in order of volume per 

plan (three lesions per plan).  For the largest tumor per patient, the centroid method yielded a 

higher degree of conformity than all four of the ICM treatment plans, and three of the four using 

Eclipse isocenter placement.  On average, centroid CI values for the large tumors were 9±10% 

greater than the ICM method and 9±9% greater than the Eclipse method.  None of the three 

methods resulted in a significant change in CI for the small-sized metastases.  Interestingly, ICM 

did result in one significantly higher and one significantly lower value of CI for two of the medium-

sized tumors (patients 1 and 2 respectively). For each of the large tumors, GI was minimized using 

the centroid method; GI was 9±5% lower than ICM and 12±4% lower than Eclipse’s method.  In 

comparison to the centroid method, placing the isocenter at the ICM yielded lower values of GI 

for three of the small-size tumors and all four of the medium size tumors.  For the small tumors, 

ICM GI was 6±12% lower than the centroid method and 13±8% lower than Eclipse’s method.  For 

the medium tumors, ICM GI was 11±10% lower than the centroid method and 8±13% lower than 
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Eclipse’s method.  Similar to CI and GI, heterogeneity index was minimized for each of the large-

size tumors using the centroid method; HI was 3.5±4.5% lower than the ICM method and 3.8±4.9% 

lower than Eclipse’s built-in method.  Using the ICM method, HI values were minimized for three 

small-size tumors and three medium-size tumors.  For the small-size tumors, ICM HI was 2±3.7% 

lower than centroid HI and 2.8±3.4% lower than Eclipse HI.  For medium-size tumors, ICM HI was 

2.3±1.5% lower than centroid HI and 1.8±2.2% lower than Eclipse HI.   

Table 3.2 Displayed values of conformity index (CI) and gradient index (GI) for four SIRMIT patients (3 tumors per 
patient).  CI and GI values are compared to volume and distance from isocenter, D. 

Lesion  
ID 

Volume 
(cc) 

DICM(cm) DCEN(cm) Conformity Index Gradient Index 

Centroid ICM Eclipse Centroid ICM Eclipse 

 1A 0.13 10.37 2.29 0.41 0.45 0.49 30.54 25 29.62 
1B 0.35 8.20 0.94 0.51 0.75 0.55 18.40 14.94 14.94 
1C 23.12 0.78 8.89 0.81 0.66 0.67 4.78 5.65 5.31 

2A 0.40 6.65 1.97 0.73 0.73 0.70 10.60 10.60 11.78 
2B 0.51 7.03 2.59 0.74 0.54 0.78 9.08 8.71 9.61 
2C 4.50 3.11 9.09 0.93 0.83 0.83 4.42 4.60 5.18 

3A 3.60 8.67 3.90 0.86 0.87 0.86 5.64 4.94 5.08 
3B 9.24 4.44 7.88 0.86 0.87 0.87 4.73 4.65 4.48 
3C 19.30 2.9 6.70 0.83 0.82 0.83 4.40 4.85 4.76 

4A 0.10 9.94 1.81 0.74 0.71 0.68 11.60 12.50 16.00 
4B 0.11 6.76 2.31 0.70 0.73 0.76 14.09 11.18 14.82 
4C 0.59 6.80 7.13 0.83 0.81 0.86 5.63 6.08 6.78 

 

Figure 3.2 displays fractional change in CI and GI as a function of the change in distance from 

isocenter using an ICM placement versus a centroid placement (e.g. a DICM-DCEN value of -8cm 

means that the ICM strategy moved the isocenter 8cm closer to the specified tumor).  To the left 

are small tumors that saw the greatest change in isocenter distance towards them; as expected, 

conformity increased and gradient index decreased for these plans.  However, by moving 

isocenter away from the larger tumors, we observe decreased conformity and higher values of 

gradient index.  Metastases nearer to the center of this plot illustrated mixed results.     
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Figure 3.2 Fractional Changes in conformity index (CI) and gradient index (GI) are plotted as a function of the change 
in distance from isocenter (ICM w.r.t. Centroid).  Larger squares/circles indicate larger tumor volumes (proportional 
to the square root of volume). 

Dosimetric indices for various isocenter placements were compared in order to determine 

the effect that MLC width has on SIRMIT plan quality.  We observed higher quality dose 

distributions (CI, GI, and HI) for each of the largest tumors per plan when using a centroid 

isocenter placement (w.r.t. ICM).  Alternatively, we hypothesized that by shifting the isocenter 

toward small distal tumors (ICM) that the quality of the dose distribution would increase.  Our 

data supports this theory, but with mixed results.  Of the four small lesions, two of them had 

superior CI and GI values, one had inferior values, and one was equal (w.r.t. the centroid method).  

Three HI values were superior while one was inferior.  Eclipse’s built-in isocenter placement 

algorithm consistently yielded neither superior nor inferior plan quality for large or small tumors.   

In accordance with our proposed theory, we observed that larger tumors benefit from a 

centroid isocenter placement, whereas smaller tumors benefit from an ICM isocenter placement.  
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However, when evaluating CI values per plan, we determine that large tumors benefit from the 

centroid method four times more than small tumors do from the ICM method; large tumor CI 

increases by .035 per tumor as compared to a small tumor CI increase of .00875.  Additionally, by 

using equation 3.2 to calculate PV50%, we show that the ICM method results in larger values of 

PV50%, despite reducing GI; PV50% increased for each plan and by 5.4% on average.  Thus an 

isocenter placement strategy using the target centroid likely results in the best overall dose 

distribution for the majority of plans.  It is important to note that increasing the number of arcs 

in the treatment plan may counteract the decreasing CI and GI for large targets when using the 

ICM isocenter placement strategy.   

None of the isocenters resulted in a significant reduction in mean dose to the healthy brain 

tissue.  The maximum change in mean dose was equal to 2.1% of the prescription dose.  Variability 

in mean dose ranged from 3% to 10%.   

3.3.2 Lens Sparing Using Arc Geometry Avoidance Angles 

Table 3.3 shows the TPS calculated lens doses with and without avoiding entrance / exit 

geometry through the eyes for three SIRMIT patients.  It can be seen that for these cases, when 

the eyes were avoided the lens dose was minimal, ranging from 2-10cGy for a 20Gy prescription.  

In contrast, when entrance and exit dose through the eyes were not avoided, the lens dose ranged 

from 66-228cGy.  Due to the uncertainty in the calculated dose from the treatment planning 

system in the low dose region, we verified the calculated dose by measuring the dose at the eye 

surface of an anthropomorphic phantom using OSL dosimeters.  The calculated dose matched the 

measurement to within 10% (calculated = 20 & 10cGy, measured = 18 & 10cGy) when entrance 

and exit geometry through the eyes was avoided, and within 20% (calculated = 120 & 70cGy, 
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measured = 150 & 70cGy) when the eyes were not avoided.  This verifies the relative lens doses 

delivered using the two treatment methods. 

Table 3.3 Calculated lens dose for SIRMIT technique prescribed to 20Gy with and without avoiding entrance/exit 
dose through the eyes. 

Technique Organ Patient 1 Patient 2 Patient 3 

Avoid Eyes Left Lens 3 cGy 10 cGy 4 cGy 

Avoid Eyes Right Lens 3 cGy 10 cGy 2 cGy 

No Avoidance Left Lens 78 cGy 118 cGy 136 cGy 

No Avoidance Right Lens 102 cGy 228 cGy 66 cGy 

 

By avoiding entrance and exit dose to the eyes, lens doses were decreased from around 0.5-

2.3Gy to <0.1Gy; if cataract formation is of concern (with a threshold of ~0.5Gy45), then avoiding 

entrance and exit through the eyes should be considered when choosing arc geometry.  

Alternatively, this may also be accomplished using rigorous optimization criteria. 

3.4. Conclusion 

Isocenter placement using the target centroid results in the best dose distributions for larger 

volume targets, whereas an ICM isocenter placement strategy moderately benefits smaller 

lesions.  Considering arc geometry entrance and avoidance angles for the eyes reduces 

radiosurgery lens dose from around 0.5-2.3Gy to ≤0.1Gy. 
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